investigators have developed biomechanical models of finger flexor tendon displacements during pinching or gripping exertions of hands. Landsmeer has developed the most comprehensive set of models for this purpose. This paper describes experiments in which various sized cadaver hands were used to statistically evaluate the Landsmeer models. In so doing, the effects of hand and wrist anthropometry are included. The results indicate that the tendons displace in relation to joint positions as described by that Landsmeer model in which the tendon is depicted as sliding over the curved articular surface of the proximal bone of the joint. Joint thickness effects were found to modify the parameters in the model as intuitively expected. An empirical prediction model of the anthropometric effects was developed. Further, the tendon displacements for various wrist orientations were expressed empirically for the first time and were shown to be consistent with expected anatomical considerations.
INTRODVCTION
Biomechanical models of many aspects of hand function have been developed (Landsmeer, 1960; Dempster, 1961; Smith er al., 1964; Thomas, 1965; Solonen and Hoyer. 1967; Fischer, 1969; Radin; Parker and Paul. 1971; Flatt. 1971; Brand er al.. 1975; Chao, Opgrande and Axmear, 1976; Spoor and Landsmeer, 1976) . The solutions of these models are dependent on internal dimensions of the hand such as tendon moment arms and tendon displacements.
UnfortunateI>. these dimensions cannot be measured directly in intact hands. Also, though an obviously large variation in hand anthropometry directly affects the parameters in these models, it has not been described rigorously. In addition, the wrist joint generally has been neglected in the existing models. Given these considerations, the objectives of this investigation were defined as follows:
To evaluate biomechanical models of interdigit joint-tendon mechanics that have been proposed by other investigators;
To develop a predictive model of joint and extrinsic finger fIexor tendon displacements that can be used for hands of various sizes;
To develop a predictive model of joint and extrinsic finger flexor tendon displacements that can be used for wrists of various sizes.
By achieving these objectives biomechanical models can be used to better investigate desired aspects of hand function and performance for different sized hands. 
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Background
The tendon-joint displacement relationships are determined by the spatial relationships between the tendons and the joints. Three models of tendon-joint displacement have been described by Landsmeer (1960) and will be referred to as Landsmeer's Model I. Model II and Model III.
Model I
In the first model, the tendon is held secure& against the curved articular surface of the proximal bone of the joint (see Fig. 1 ). During displacement .x = r-,0.
The tendon moment arm is equal to the perpendicular distance from the joint center to the tendon. where:
.Y = Zr2 sin (Oil).
.Y = the tendon displacement past the joint r2 = the distance from the joint center to the geometric tendon constraint 8 = the angle of joint rotation from the neutral position.
For this model the tendon moment arm is the distance from the joint center to the geometric tendon constraint. Thus for Model II the r2 parameter and the tendon moment arms are equivalent.
It is assumed in Landsmeer's third model that bowstringing exists. This situation is depicted in Fig.   3 . Landsmeer (1960) has shown that for a bowstringing tendon. tendon and joint displacement are related as follows:
where:
.Y = the tendon displacement past the joint The moment arm of a tendon that is permitted to bowstring. h. is equal to the distance from the joint center to the tendon along a line between the joint center and the center of the trochlea (see Fig. 3 ). Landsmeer has shown that the tendon moment arm is calculated as:
In all three of Landsmeer's models. the tendon moment arms and tendon displacements are functions of the same parameters.
The wrisf model
When the wrist is flexed, the flexor tendons are supported by the transverse ligaments on the volar side of the carpal tunnel (see Fig. 4a ). When the wrist is extended. the flexor tendons are supported by the carpal bones (see Fig. 4b ). The tendon-joint displacement relationship is described by equation (I) (Thomas. 1965) .
The center of rotation of the wrist joint does not coincide with the origins of the radius of curvature of the structures supporting the extrinsic finger flexor tendons (see Fig. 4 ). Therefore. the moment arms of the flexor tendons cannot be inferred from observing the tendon joint displacement relationship.
>lATERI-\LS .AND METHODS
The nature of the study necessitated that the hands be well preserved and that the joints be highly flexible. All of the anatomical material for this investigation was judged to have been healthy in life; hands, wrists, and forearms were severed intact from embalmed cadavers. To determine the effects of hand size. it was necessary that the selected hands include large male and small female hand sizes; joint thickness was used as a measure of hand size. Four suitable embalmed cadaver hands were made available for study by the Department of Anatomy of the University of Michigan. Hands one, two, and four were male and hand three was female. Joint thicknesses of these hands are shown in Table 1 ; all the corresponding percentile rankings are shown in Table 2 . Anthropometric measurements and percentile estimates were based on the methods and data reported by Garrett (1970a and b) . Wrist thickness was measured with a sliding caliper at the wrist crease; no estimates were made of the percentile rankings of wrist thickness.
An initial dissection of the forearm was performed to remove tissue not necessary for this study. The flexor digitorum profundus and superfrcialis tendons were identified, separated from one another, and severed from the muscle approximately two inches proximal to the palmar wrist crease. Except for six inches of the radius, the ulna and the tendons, all tissue proximal to the wrist was removed. .;j.5 30.0 1 39.5
The hands were secured to a stiff steel frame as shown in Fig Visually detected radial and ulnar deviations were corrected as was necessary so that all tendon and joint displacements were for Rexion and extension in one plane. Model II is based on the assumption that the tendon forms intersecting straight lines and that the intersection bisects the included joint angle (see Fig.  2 ). This assumption has not been validated; the human body seldom tends to be straight or symmetrical.
The second objective of this investigation was to develop a predictive model of the tendon-joint displacement relationship for various sized finger joints. The pooled tendon-joint displacement data for all subjects are shown for each tendon-joint combination in Fig. 7 . The following empirical model was fitted to the tendon-joint displacement data by the method of least squared errors:
Tendon displacement (mm) = 0.i034Xs + 0.00421 1X,X5 -0.0162X,X, -0.03043X,X5
where: -0.06818XZXs i-0.03679XiXsXs.
X, = 1 for the proximal interphalangeal joint; 0 for other joints X2 = 1 for the distal interphalangeal joint: 0 for other joints X, = 1 for the profundus tendon; 0 for the superficiaiis X0 = joint thickness (mm) Xs = joint angle (degrees from straight finger).
The fitted model accounted for 963; of the observed variance of the tendon displacement and was significant at a 5 0.01; the standard error of regression was 0.86mm. Equation (5) can be reduced to the same form as equation (1) by inserting the appropriate values of Xi, X2, X3 and X, and adjusting the resulting coefficient for radians instead of degrees.
Equation (5) was tested to determine if it accounted for all differences among the tendon-joint displacement relationships of different hands and fingers. The only significant hand or finger difference. at x < 0.05, was found between tendon displacements for hands two and one; however, the difference between these two hands was found to be small-less than 0.8 mm of the tendon displacement per 100' of joint rotation. Consideration of this difference between hands reduced the unexplained variance of equation (5) by only 6.9% and reduced the standard error of the regression from 0.92 to 0.88 mm. The unexplained variance among hands can be neglected with only a small effect on the precision of finger model predictions.
A second and more mechanistic approach for predicting tendon displacements is first to estimate r, and then to calculate tendon displacement using equation (1). The estimates of ri for each tendon-joint combination are shown plotted against joint thickness in Fig. 8 . The following model was fitted to these data: r, (mm) = 6.19 -1.66X, -4.03X2
where XL. X2. X,, and X1 have the same meaning as for equation (5). Equation (6) accounted for 92", of the observed variance of r, and was significant at x < 0.01: the standard error of the regression was 0.75 mm.
The third objective of this investigation was to develop a predictive model of extrinsic finger flexor tendon-wrist joint displacement for wrists of different sizes. The pooled tendon-joint displacement data for all subjects are shown for both tendons in Fig. 9 . The following model was fitted by the method of least squared errors to these data: The fitted model accounted for 97"; of the tendon displacement variance and was significant at x 5 0.01; the standard error of the regression was 1.52mm. Equation (7) reduces to the same form as equation (I) when the appropriate values are inserted for W,, W,. W, and the resulting coefficient is adjusted for radians.
Equation (7) was tested to determine if it accounted for all differences among tendon-joint displacement relationships of different hands and fingers. Displacement differences among all fingers and between hands one and two were found to be significant at x 4 0.05. Differences among the fingers were less than 2.8 mm per 100' of wrist movement; inclusion of this difference among fingers reduced the unexplained variance by only 63/,. The standard error of regression of the wrist model was reduced to 1.48 mm.
The displacement difference between hand one and two, the thickest and the thinnest male hands. was 5.8 mm per 100' of wrist movement. Consideration of this difference between hands reduced the explained variance associated with equation (7) by 21%; the associated standard error of the regression was reduced to 1.35 mm. Differences between hands and fingers can be neglected with only a small sacrifice in the precision of equation (7).
DlSCUSSlON
The major findings of this investigation are that Landsmeer's Model I is the best description of interdigit tendon-joint mechanics and that the rI parameter in this model is related to hand size. Although embalmed hands were used in the investigation, no reasons are seen that the findings shouid not be used to describe the behavior of living hands. The findings are based on the mechanical behavior of the relatively inert tissues of the hand-bone. tendons, and ligaments-none of which has been shown to undergo any important mechanical changes with embalming.
Based on the sizes of male and female hands reported by Garrett (1970a. b ) the predicted tendon displacements do not vary as much among different hands, fingers and tendons as among different joints. The predicted flexor digitorum profundus and superficialis tendon displacements [equation ( 15)] past the distal and proximal interphalangeal and the metacarpalphalangeal joints for the long finger of a 5 percentile female and a 95 percentile male (Garrett, 1970a. b) are listed in Table 3 . These predictions encompass 957, of the combined male and female populations. Profundus and superficialis tendon displacements for the small female and the large male hands differ by as much as 4.8 mm!lOO' of metacarpal-phaiangeal joint rotation and by as little as 2.7 mm/lOO' of distal interphalangeal joint rotation: in all cases the tendon displacements are greater for the large hands than for the small hands. For the large male and small female hands respectively, profundus tendon displacements are l-I.4 and 12.3 mm. 10% of joint rotation greater at the metacarpal-phalengeal joint than at the distal interphalangeal joint: displacements are 5.1 and 3.5 mm/l00 of the joint rotation greater at the metacarpal-phalangeal joint than at the proximal interphalangeal joint. Similarly. superficialis tendon displacements are 8.7 and 7.1 mm/lO@ of joint rotation greater at the metacarpal-phalangeal joint than at the proximal interphalangeal joint.
For both the 5 percentile female and the 95 percentile male sizes, predicted tendon displacements at the proximal interphalangeal joint are 2. mm/lOO' greater for the flexor digitorum profundus than for the superficialis. At the metacarpal-phalangeal joint. the tendon displacement is 1.6 mm'lOO_ greater for the superficialis than for the profundus. Thus. tendon displacements vary less among different tendons than among different joints or different hands.
The predictions shown in Table 3 also are significant in that they are consistent with the anatomical arrangement of the tendons and joint centers. The r, parameters of equation (1). predicted with equation (6) for the long finger of a 5 percentile female and a 95 percentile male. are shown in Table 3 . At the proximal interphalangeal joint of the 5 percentile female and the 95 percentile male. the predicted rr values of the profundus tendons are I.0 mm greater than those of the superficialis. At the metacarpal-phalangeal joint of the 5 percentile female and 95 percentile male, the predicted values of rl for the profundus tendon are 0.8 mm less than those for the superficialis. At the proximal interphalangeal joint. the superficialis tendon is closer to the joint center than is the profundus; at the metacarpal-phalangeal joint, the profundus tendon is closer to the joint center than is the superficialis. In the course of this study, the profundus and superficialis tendons were 'observed to be approx. 1 mm thick. This arrangement of the tendons accounts for the differences in the rates of tendon displacements and the differences in the predicted r, values between the metacarpal-phalangeal and the proximal interphalangeal joints [equation (5)].
The predicted flexor digitorum profundus and Table 3 . Joint thicknesses (Garrett. 1970a (Garrett, 1970) and predicted tendon displacements per 100 of joint rotation (equation (7) argument it would be expected that for a given angle joints for an estimated* 5 percentile female and 95 percentile male wrist thickness are listed in Table 3 of wrist flexion, the profundus displacement would [equation (711. This table shows that the tendon displacement caused by wrist flexion or extension is be greater than the superficialis displacement; howgreater for the flexor digitorum superficialis tendon ever, the predicted superficialis tendon displacement than for the profundus. When the wrist is extended, the superficialis tendon displacement is 4.2 mm/100" for the large male hand and 3.1 mm/l00" for the small female hand greater than the corresponding profundus tendon displacement. From equation (2) it can be shown that the radius of tendon curvature in the wrist is greater for the superficialis than for the profundus. This result is consistent with the spatial arrangement of the tendons in the wrist; when the wrist is extended, the superficialis tendons are supported by the profundus tendons, which in turn are supported by the carpal bones. Thus, the radius of tendon curvature would be greater for the superficialis tendons than for the orofundus tendons. Also by this placements. Future research might also include validation of these findings via radiograph of joints.
